The paper reviews some copper NQR studies in the superconductors YBa 2 Cu 3 O x and YBa 2 Cu 4 0 8 performed at the University of Zürich. The following topics are discussed: the temperature and pressure dependence of the NQR frequencies; relation between linewidths and oxygen deficiency; the determination of the electric field gradients (EFG) and Knight shifts at the copper sites; discussion of some calculations of the EFG tensors; measurements of the various relaxation times in all phases. The results obtained in both structures are compared; possible interpretations are discussed.
Introduction
Magnetic resonance played an important role in understanding superconductivity when the BardeenCooper-Shriefer theory provided the first microscopic explanation of this extraordinary state of matter [1] , Thus it was natural that the NMR/NQR community soon after the discovery of the new high-T c superconductors began to devote much activity to these new materials. The power of NMR and NQR lies in the fact that these methods can provide information on static and dynamic properties on an atomic scale [2] .
In this paper we will review several copper NQR studies our NMR group at the Physik-Institut of the University of Zürich has performed in high-T c superconductors. We will refer to published data and to some papers being in press or submitted for publication. We will deal with two members of the Y-Ba-Cu-O family: the "1-2-3-X" structure YBa 2 Cu30 x (where x has values close to 6 and 7) and the "1-2-4" structure YBa 2 Cu 4 O g which recently has been synthesized as bulk material by the group of E. Kaldis [3] . Comparison of results obtained in related structures such as "1-2-3-7" (with T c = 92 K) and "1-2-4" (T c = 81 K) may lead to new insights into the microscopic behavior of these materials.
We will report on (1) the temperature and pressure dependence of the copper NQR frequencies, (2) the relation between linewidths and oxygen deficiency, (3) the determination of the electric field gradients (EFG) and Knight shifts present at the copper sites, (4) discussion of some calculations of the EFG tensors, (5) measurements of the various relaxation times in all phases. This information serves as essential input for testing models or constructing theories to explain the mechanism of superconductivity.
Details on Material and Experiments
We briefly summarize some pertinent structural information about the compounds we have investigated. We have studied the two "end" members of the "1-2-3" material: the superconductor with x%7 and T C = 92 K and the antiferromagnetic semiconductor (x « 6) with T n = 418 K. Both compounds, which have an oxygendeficient perovskite-like structure contain two inequivalent copper sites: the chain forming Cul sites and the planar Cu2 sites. The latter are five-coordinated by an apically elongated rhombic pyramid of oxygen ions. In the "1-2-3-7" orthorhombic structure the Cul ion is at the center of an oxygen rhombus-like square, while in the tetragonal "1-2-3-6" structure the nearest neighbors of Cul are the two oxygen Ol on the c axis.
The orthorhombic unit cell of the "1-2-4" structure [4, 5] can be considered as two "1-2-3-7" unit cells joined chain-to-chain with the second cell displaced by b/2 along the b axis. Thus, instead of the single Cu-O chains of "1-2-3-7", the "1-2-4" structure contains double Cu-O chains which form an edgesharing, square-planar network.
The NQR and NMR experiments to be described were carried out using pulsed spectrometers. The NQR measurements were done in zero magnetic field, the NMR experiments in superconducting magnets of field strengths around 5 T. NMR spectra were obtained by scanning the frequency in discrete steps and by sweeping the static field by ± 0.08 T. All signals were obtained by the spin-echo technique either by integrating the echo signal (NMR) or by Fourier transformation of the whole echo (narrow NQR signals). Very broad NQR signals were detected pointwise. The spin-lattice relaxation times T, were measured on the NQR echo using the n -t w -(n/2) -n pulse sequence, where the n pulse inverts the population and f w is the "waiting" time.
Linewidth and Temperature and Pressure Dependence of NQR Signals
The copper NQR experiments in both "1-2-3-7" [6, 7, 8] and "1-2-4" [9] yield four signals because there are two Cu sites and two copper isotopes 63 Cu and 65 Cu. The NQR frequency v Q of these signals is related to the principal components V H of the EFG tensor present at the Cu site by '«-^frvW- (1) Here, r] is the asymmetry parameter defined as i] = (V XX -V")IV", where\V SS \^ \V"\ ^\V XX \, and eQ is the nuclear electric quadrupole moment. Thus the ratio of the NQR frequencies of the two isotopes is equal to the ratio of their quadrupole moments (1.081). This has been confirmed experimentally for both Cu sites in "1-2-3-7" and "1-2-4" and for Cul in "1-2-3-6". This proves that no internal magnetic field due to any type of magnetic ordering is present at these Cu sites (in the temperature range we have studied); such a field would split or shift the NQR lines. [The Cu2 signal in "1-2-3-6" which we have not studied is shifted due to antiferromagnetism.]
In order to understand the large linewidth Av of the Cu NQR signals we have measured Av in "1-2-3-X" for oxygen concentrations x ranging from about 6.940 to 6.983 with uncertainties of ±0.001 [10] . Figure 1 shows that Av of the Cul signal increases linearly with oxygen deficiency 0 = 1 -x. Extrapolation of the data to <5 = 0 leaves a "rest" linewidth of about 40 kHz whose origin is due to other effects than oxygen de- ficiency, for instance crystal structure defects. The intrinsic linewidth arising from spin-spin relaxation is only about 10 kHz.
To our knowledge these are the smallest Cu NQR linewidths measured so far in powder samples of high-T c superconductors; the improvement against earlier samples is considerable. For the Cu2 linewidth, the zlv vs. 6 dependence is less clear and more experimental data at small ö are required.
We have calculated the effect of the oxygen vacancies on zlv by a computer simulation assuming a random distribution of oxygen vacancies on the chain 04 sublattice and using the point charge model [10] . The simulated Av increases linearly with Ö (see Fig. 1 ) and is practically the same for Cul and Cu2. This result agrees quite well with the experimental data for the Cul signals. That the Cu2 signals are about twice as broad as the Cul signals may be traced back to the fact that an oxygen vacancy wipes out the contribution of its next-neighbor Cul nucleus to the Cul signal while the effect on the Cu2 -a charge redistribution around Cu2 neighbors -is less severe, leading to a detectable broadening of the signal.
In "1-2-4", the linewidths at 350 K are about 60 kHz for Cul and 170 kHz for Cu2 [9] , They seem to be compatible with fully occupied oxygen sites, as seen in neutron diffraction [11] .
We have measured the dependence of v Q on both temperature T and pressure P for various Cu sites and compounds. In "1-2-3-X" we have determined v Q (T) and v Q (P) for all sites except the Cu2 site in "1-2-3-6" [6, 7, 12, 13] ; in "1-2-4" we have measured v Q (T) for both sites [9] . Figure 2 is a summary of v Q (T) data for various samples of "1-2-3-7" with slightly different oxygen content [6, 12] . A small dependence of v Q on oxygen content is present. However, we could not detect at T c or other temperatures any indication for major structural changes, which should reveal themselves by abrupt variations of v Q . Riesemeier et al. [ this conference] will report on changes of v Q at T c .
In "1-2-4" the higher precision of the NQR frequencies allows to discern small changes of v Q with temperature [9] , for instance around 200 K, where the derivative of V Q (CU2) with respect to temperature changes its sign, or at 240 K, where Martin et al. (see [14] ) have observed kinks in the resistance and Hall coefficient in thin-film samples. On the other hand, at and just below T c we have not yet obtained any evidence for a structural phase transition. More experimental data are needed in this temperature range. Figure 3 gives some examples for the temperature and pressure dependence of the NQR frequencies. The change of v Q with temperature and/or pressure depends on both site and structure. For instance, in "1-2-4" VQ(CUI) increases monotonously with rising temperature [9] as in "1-2-3-7" (Fig. 3 b) , however at an overall rate which is lower. On the other hand, V Q (CU2) in "1-2-4" exhibits a change of slope around 200 K and levels off above 550 K [9] , i.e. in a temperature range that was not accessible in "1-2-3-7". (Fig. 3 a) and Cul and Cu2 sites in YBa 2 Cu 3 0 7 (Fig. 3 b) at two different pressures (from [13] ).
Considering the pressure dependence of v Q in "1-2-3-7" (Fig. 3 b) we note that pressure seems to "enhance" the effect of lowering the temperature; e.g. for Cu2 an increase of pressure shifts v Q to even higher values. The behavior of Cu2 is expected in the framework of a picture where compression of the crystal increases v Q ; for Cul this is not true. For the compounds we have studied, v Q at constant temperature always varies linearly with pressure (up to 0.6 GPa), however with rates differing in magnitude and sign.
By measuring separately both the temperature and pressure dependence of v Q it is possible to determine the phonon contribution to the temperature variation of v Q [15] . We assume that v Q depends on volume V and T in the following way:
where are the amplitudes of the lattice vibrations. Using thermodynamic relations one derives from (2) the expression
where a and A are the coefficients for volume expansion and isothermal compression, respectively, and V T and V P are the respective volumes. Using the experimental values v Q (T) and v Q (P), one calculates from (3) the phonon contribution (6v/ST) K to the temperature derivative of the NQR frequencies. For "1-2-3-7", this contribution is negative in accord with simple models such as that of Bayer, and it is much larger for Cul than for Cu2, reflecting the large vibrations of the Cul oxygen neighbors.
Electric Field Gradients
In order to determine V zz and rj separately, one has to complement the NQR data by measuring the Cu NMR spectrum. The result for "1-2-4" in an external field of 4.7 T at 150 K is shown in Figure 4 [9] . The spectrum is a superposition of a quadrupolar secondorder powder pattern [16] of the central transition m = +1/2 <-> -1/2 and a frequency shift (Knight shift) to higher frequencies, which is proportional to the external magnetic field. The "peaks" and "shoulders" in the spectrum which correspond to singularities and discontinuities, respectively, in the Cu line shape distribution function can be connected with the quadrupole coupling constant C = eQV zz /h and the asymmetry parameter rj by direct diagonalization of the Hamiltonian [17] , The Knight shift is defined as AB/B 0 , where AB is the average static field produced by particles of a Fermi liquid in an external magnetic field B 0 . K is a tensor since the Knight shift is related to the electronic susceptibility. The components of K can be determined from special orientations. For the evaluation of the EFG and the Knight shift the spectra of both Cu isotopes were used.
In Table 1 we have summarized the results for "1-2-4" [9] together with Knight shift data for "1-2-3-7" 
obtained by Takigawa et al. [18] for aligned powder. In addition, we have given the result of a reanalysis of our old data for "1-2-3-7" powder [6] , now taking into account the anisotropy of the Knight shift. Our original analysis was based on an averaged Knight shift. Considering the errors, the "new" Knight shift data are in good agreement with those of Takigawa et al. [18] . We also like to point out that the new analysis has reduced rj (Cu2) to 0.04 + 0.04, being now in agreement with single crystal data [19] .
The similarity of the two structures shows up in small differences between corresponding parameters of the EFG tensors. The coupling constants C at both sites are slightly smaller in "1-2-4". The nearly axial symmetry of the EFG at the Cu2 site [rj(Cu2) being close to zero] in both compounds reflects the small deviation of this site from tetragonal symmetry. On the other hand, the large difference of the values of t] for the Cul and Cu2 sites in both compounds is striking. A value of rj close to 1 must reflect the peculiar electronic structure at the Cul site. Although the values for r](Cul) in both structures overlap within the experimental errors, we believe that their difference is significant and demonstrates a reduction in asymmetry which might arise from the structural changes in "1-2-4" introduced by the second copper chain.
How can the EFG's be related to charge distributions and the electronic structure of the respective compound? Among others, one motivation for measuring the dependence of the NQR frequencies on both temperature and pressure was to have as much experimental information on the EFG as possible in order to put constraints on proposed calculations.
The simplest calculation of the EFG is by means of the point-charge model. The EFG at the nuclear site is determined by two contributions: one arises from the point charges on neighboring ions, the second from incomplete electronic shells of the ion under consideration (valence contribution). Thus the total EFG may be written as V zz = {\-yJv? z +{\-R){V zz \*-
Here, V zz and (F zz ) val are the EFG produced by neighboring ions and incomplete shells, respectively, and y ^ and R are the respective Sternheimer factors. A temperature and pressure behavior of v Q similar to that for Cul in "1-2-3-6" (see Fig. 3 a) In calculating the pressure dependence of v Q (Cul) in "1-2-3-6" we have assumed that the structure remains tetragonal and that the lattice constants change similarly as in "1-2-3-7", where data are available. It turned out that v Q is very sensitive to the coordinates of the neighboring Ol ion on the c axis. Allowing for a small variation of these coordinates within their experimental uncertainties resulted in a good prediction of the pressure variation of v Q . We thus conclude that the point charge model is adequate for the EFG calculation at the Cul + 1 site in "1-2-3-6". In case of Cu2 + 2 in "1-2-3-6" there is a valence contribution which is proportional to the expectation value <r~3> of the valence orbitals. Since this value is not calculable with satisfactory precision we have turned around the calculation: from the experimental value for v Q of Cu2 [21] and the calculated lattice EFG the valence EFG could be extracted. This way we got 80 MHz for the valence quadrupole coupling constant [13] .
Considering now the "1-2-3-7" data, one has to explain the extreme asymmetry of the EFG at the Cul site and why v Q (T) and v Q (P) of Cul are completely different from the corresponding values in "1-2-3-6". To restrict the possibilities of the charge distribution, we allowed variation of the oxygen's and Cul charges only but kept Y + 3 , Ba + 2 and Cu2 + 2 constant (as before). Furthermore, we applied again the experimental y ao = -5.5. In case of the Cu + 2 valence contributions, a value was used that did not deviate more than 10% from the value we had obtained in "1-2-3-6". A good overall agreement with the experimental data for both Cul and Cu2 has been achieved by choosing the following charges: + 2 for Cul, -1.3 for the chain oxygen 04, and -1.95 for all other oxgens [13] . Without having the charge of 04 quite different from -2 one cannot account for the high asymmetry of the Cul EFG.
However, in contrast to the "1-2-3-6" compound, for "1-2-3-7" it is not possible to describe with the same set of charges both the temperature and pressure dependence of the NQR frequencies and the magnitude of the EFG at both Cu sites. This demonstrates that in general the point charge model is not adequate. One can improve the model by taking ito account the large oxygen polarizability in a self-consistent way; in ionic crystals these models work quite successfully. We have not pursued this way any further since a quantum mechanical ab initio calculation of the EFG's in "1-2-3-6" and "1-2-3-7" has just been published by Ambrosch-Axel et al. [22] .
These authors use a method that is based on full potential linearized augmented plane wave calcula-tions. Good agreement with experimental data is found for Cul in both compounds although the Cul asymmetry parameter in "1-2-3-7" is only 0.8. For the Cu2 sites in "1-2-3-7" the magnitude of the EFG is only half the experimental value. For both Cu sites in "1-2-3-7" the sum of the partial valence-charges amounts to a total Cu charge +1.93, which comes close to our value determined by the point charge model. The distribution of the charges over the 3d orbitals is crucial. A small transfer of 0.07 electrons from & x 2-y 2 to d, 2 symmetry is sufficient to achieve agreement between experimental and theoretical Cu2 EFG values. It remains to be seen how these ab initio calculations can reproduce the subtle but distinct differences that exist for the pressure and temperature variations of v Q of different sites.
Knight Shift
As can be seen from Table 1 , the Knight shifts in both structures are much larger than the value 0.23% found in metallic copper. The parameters K t (i = x,y,z) denote the principal components of the Knight shift tensor K. We have assumed that its principal axes coincides with those of the respective EFG tensor. The assignment of a component to a specific crystallographic axis is based on symmetry arguments.
When going from "1-2-3" to "1-2-4", we note that all components of K(Cul) decrease although the K. values are equal within the error bars. The K x and K y components in "1-2-4" are about two to three times smaller than the corresponding values in "1-2-3". For the Cu2 site, on the other hand, the K z is larger in "1-2-4" than in "1-2-3" while K xy (just as for Cul) is again smaller in "1-2-4" than in "1-2-3".
Generally, for a transition element the Knight shift contains a spin and an orbital contribution. For a separate estimate of these parts one needs data form the superconducting phase. For "1-2-3" [18] it turned out that the orbital part at Cu2 is very anisotropic. Using aligned powder we are going to perform similar measurements in "1-2-4" and to search whether differences between both structures are present and how they can be related to differences in valency and structure.
Relaxation Times
Measurements of the spin-lattice and spin-spin relaxation times (T, and T 2 , respectively) microscopi- Full circles: [24] , triangles: [23] , open circles: [6] , cally probe the spin dynamics at the nuclear sites. One of the important questions is whether the superconducting order parameter is of Bardeen-CooperSchriefer (BCS) nature as in conventional superconductors. If the rates in the superconducting phase could be described within the traditional framework of the BCS theory of NMR relaxation [1] , they should obey the function exp( -A/k B T), where 2 A is the size of the energy gap. In addition, one would expect an increase of the rates followed by a peak just below T c . Such an enhancement is generally attributed to "piling up" of the BCS density of states at the gap edge.
We have determined by NQR T, and T 2 in both the "1-2-3" [6, 7, 8] and the "1-2-4" structure [9] over a wide range of temperatures and partly at elevated pressure [13] for all sites and in all phases. In "1-2-3-7" and above T c , T, for Cul and Cu2 is independent of pressure up to 0.6 GPa, i.e. the high frequency fluctuations giving rise to relaxation are not affected by pressure. We discuss some results concerning the T, temperature dependence in "1-2-3-7" and "1-2-4".
Neither in "1-2-3-7" nor in "1-2-4" we have detected a peak just below T c ; no exponential decrease of the rates present over a wide range of temperatures was found. On the contrary, in "1-2-3" below T c , the Cu2 relaxation rates could be fitted by a power law 1/Ti oc T" with n % 3 to 5. Figure 5 demonstrates the good agreement of our data with previous measure- ments of Kitaoka et al. [23] and Imai et al. [24] , Such a behavior, which has been observed before in heavy fermion and organic superconductors, is expected for conductors with an anisotropic energy gap that is zero on points or lines of the Fermi surface.
Figures 6 a and 6 b [9] show the relaxation rates for "1-2-4" in two different presentations. It is obvious, that a power law fit is only possible for the Cul rates with a low exponent 1.35 valid for the whole superconducting phase. On the other hand, the Cu2 rates in "1-2-4" can be fitted quite well (except for the 6 K point) by 1/7; oc exp(]/T/T 0 ) with T 0 = 1.14 K. Imai et al. [24] have described such a fit already for the Cul and Cu2 data in "1-2-3" with values T 0 = 0.76 K and 2.0 K for Cu2 and Cul, respectively, which are surprisingly close to our result. The origin of the mechanism leading to such a relaxation behavior seems to be still unknown.
One of the striking differences between "1-2-3-7" and "1-2-4" is the "smooth" transition of the Cu2 relaxation rate from the normal to the superconducting state in "1-2-4" without any discontinuity or abrupt change in the slope (see Figure 6 ). On the other hand: the Cu2 rates at T c in "1-2-3" and "1-2-4" are nearly identical! Considering now the normal phase of "1-2-4" (Fig. 6b) , we first note that the Cul relaxation rate can be fitted by
where a = 2.61(sK) _1 and 0 = 0.0095 s" 1 K~2. We have reanalysed our Cul relaxation data in "1-2-3-7" [6] and found that they also can be described by (5) with a = 17 (s K)~1 and fr = 0.043 s -1 K -2 . A linear dependence of the rate on temperature is expected if the nuclei interact with the hyperfine fields of a Fermi liquid. The quadratic term bT 2 in (5) is attributed to quadrupolar interaction of the Cul nuclei with phonons.
It seems that the Cu2 rates in "1-2-4" can also be described by a linear term, however, only above 550 K where we find 1 /T t =AT with 4 = 7.8 (sK)" 1 . Between T c and 550 K the rate is enhanced with respect to this linear dependence. We have suggested [9] to explain this behavior in terms of a model recently proposed by Monien et al. [25] , which goes as follows. Itinerant quasiparticles formed by hybridization of local Cu 2+ moments and oxygen holes couple with Cu nuclei. For the Cu2 system there is a strong interaction between the quasiparticles represented by the averaged effective interaction constant J. For the Cul system these interactions are supposed to be absent. These interactions lead to an enhancement of the correlation time T representing the duration of a magnetic fluctuation, by a factor (1 -N(0) J)~2 where N(0) is the quasiparticle density of states. The increase of the rate at 550 K then could reflect the breakdown of the interaction between the quasiparticles. Above 550 K the relaxation rate then depends linearly on temperature as expected for relaxation due to non-interacting quasiparticles. This interpretation is favored by the fact that the ratio of the parameters A and a (from (5)) is about equal to the square of the ratio of the corre-sponding Knight shift components K x y for Cu2 and Cul. We like to point out that a similar behavior of the Cu2 relaxation rate in "1-2-3-7" might have escaped experimental detection because the thermal instability of the compound forbids experiments at higher temperatures.
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